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3D-printed biopolymer-based
microneedle for enhanced
photodynamic therapy in
melanoma treatment
Aishat Adejoke Obalola , Heidi Abrahamse
and Sathish Sundar Dhilip Kumar *

Laser Research Centre, University of Johannesburg, Johannesburg, South Africa
Melanoma is a highly aggressive cancer with poor prognosis and resistance to

many treatments, especially after metastasis. Developing new preventive and

adjuvant therapies is critical for improving melanoma outcomes. Photodynamic

therapy (PDT) has shown potential in selectively targeting malignant cells while

minimizing damage to healthy tissue. However, improving the delivery of

photosensitizers (PS) to melanoma cells while reducing systemic toxicity remains

a challenge. Microneedles, a transcutaneous drug delivery method, offer

advantages such as better patient compliance and easier management

compared to traditional methods like intramuscular or intravenous injection.

Despite these benefits, manufacturing precise microneedles remains a hurdle.

Recent research has focused on 3D printing techniques for creating transdermal

drug delivery devices, including microneedles. This review summarizes recent

advantages in 3D printed biopolymer-based drug delivery systems using

microneedles, evaluates their potential, and discusses the challenges and future

prospects of 3D printing in transdermal therapy.
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GRAPHICAL ABSTRACT

3D-Printed Biopolymer Microneedles for Enhanced PDT in Melanoma Treatment- Created in BioRender. Dhilip kumar, S. (2025) https://BioRender.-
com/fear27s
1 Introduction

Skin cancer has become a major global health concern, with its

incidence steadily increasing, which may significantly affect both

the global workforce and economy. The skin has two primary strata:

the dermis and the epidermis. The outermost layer of skin, known

as the epidermis, comprises Langerhans, Merkel, melanocyte, and

keratinocyte cells (1). Cancer is one kind of skin injury that may

result from any aberration in this layer. There are two main

categories of skin cancer: non-melanoma, which originates from

cells originating from the skin’s surface, and melanoma skin

cancers, which result from malfunctioning melanocytes (2).

Nearly 95% of skin cancer cases are non-melanoma skin cancer

(NMSC) (3, 4). Compared to other skin injuries, melanoma

represents a negligible fraction of skin malignant tumors—just

1%. Even with recent improvements in treatment methods,

melanoma remains the most dangerous kind of skin cancer, with

just 15-20% of cases surviving for five years (5).

Oral, intravenous, and intraperitoneal routes are among the

traditional techniques for delivering cancer-based medicinal

medicines; nevertheless, these routes often have several significant

drawbacks (6). Transdermal drug delivery systems (TDDS) offer a

non-intrusive, painless method of distribution as opposed to oral and

intravenous methods. It is well known to increase the bioavailability of

medications with limited permeability and solubility (7, 8). One of the
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main obstacles to TDDS is the stratum corneum layer, which only

allows a few indications to penetrate the skin (9).

To overcome this limitation, scientists have recently developed

Microneedle (MN)-based matrices that detect cancer and enable

transdermal administration of medications inside the tumor area

(10), Although MN-based drug delivery systems were proposed

over thirty years ago, their clinical use has recently gained

popularity (11). Notwithstanding these unique qualities, the

difficulty in accurately producing such micro-scaled devices has

significantly impeded their actual industrial applications (12).

Remarkably, the advent of three-dimensional Printing (3D

printing) technology has effectively addressed the constraints

associated with microneedles; this has allowed for the continuous

production of one-step products and the development of a desirable

microneedle for individualized customization (13, 14).

Additive manufacturing, or 3D printing, is a procedure where a

computer-aided design (CAD) module positions materials in

layers and selectively creates things with any desired geometric

complexity (15, 16). Various 3D printing innovations have been

put out in the last ten years to provide adaptable medication doses for

a range of uses accurately. These include implants for targeted drug

delivery (17, 18) and printlets for oral administration (13). These

technologies have great potential in manufacturing pharmaceutical

items, especially those with the potential to be individualized

treatments (19).
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2 Principles of photodynamic therapy
and its application in melanoma

The most common skin cancer that may be caused by both

internal and external sources is melanoma (20). Melanocytes give

rise to this kind of cancer. The most common type, cutaneous

melanoma, accounts for almost 90–95% of all melanoma

occurrences (21) and typically spreads to the brain, eyes, anus,

liver, and bone. The degree of involvement and spread to lymph

nodes and other nearby healthy tissues determines the stage of

melanoma (22). Age, gender, immunodeficiency, family history,

and prolonged exposure to ultraviolet radiation (UV) are the most

frequent risk factors for melanoma (23). The development of better

treatment methods in recent decades has not slowed the

sharp increase in melanoma cancer incidence (20). As a result,

the concerning increase in MM-related morbidity and death

continues to pose a significant obstacle to global healthcare (24).

Treatment options for MM include surgery, chemotherapy,

radiation, immunotherapy, and molecularly targeted therapy,

depending on the patient’s location, stage, and genetics (25).

Nevertheless, these therapies often result in unfavorable side

effects. While radiation is strongly advised for the treatment of

bone, skin, and brain metastases (25), surgery is the primary

treatment for early stage melanoma in order to prevent metastasis

and improve survival chances (26). Chemotherapeutic medications

such dacarbazine (DTIC), temozolomide (TMZ), and fotemustine

have been used to treat MM successfully for many years (22).

Chemotherapy is still essential for the palliative treatment of tumors

that are resistant, progressing, and recurrent, despite the fact that it

may have unfavorable effects on nearby normal cells (27).

Neutralizing antibodies having a high affinity for immunological

blockades, such as programed cell death 1 (PD-1) and cytotoxic T

lymphocyte-associated protein 4 (CTLA-4), have improved patient

survival rates among immunotherapies (21). Additionally, MM has

been significantly impacted by therapies that have target specificity

for the oncogenic serine/threonine-protein kinase B-Raf (BRAF)

proteins, which are invariably expressed in melanoma patients (21).

However, severe patient immunological responses and medication

resistance also pose a challenge to these therapy (27). Within eight

months of therapy, the majority of patients who have a first and

significant tumor recurrence may see a progression in their

illness (21). In order to overcome medication resistance and

increase the alternatives accessible to MM patients, additional

effective medicines are desperately needed (21). In recent years,

photodynamic therapy (PDT) has become one of the best cancer

treatment options for overcoming the difficulties associated with

melanoma (20).

Photodynamic therapy (PDT) is a type of phototherapy used to

treat cancer (28). It relies on a Photosensitiser (PS), visible light, and

the molecular oxygen around the target tissue that coincides with

the PS’s absorbance range to cause cellular damage (29). One of

thexmain ideas behind PDT is the selective accumulation of

photosensitizers in tumor tissues. This happens a lot because

of the increased permeability and retention (EPR) effect or

receptor-mediated uptake. When photosensitizing agents (PSs)
Frontiers in Oncology 03
are photoactivated, PDT initiates photochemical processes that

destroy a localized tumor in the target area (30). The reactive

oxygen species (ROS) produced during the PDT action method

cause cell death by necrotic, autophagic, or apoptotic mechanisms

(28) (Figure 1).

Cell death, known as apoptosis, is regulated and often

distinguished by nuclear and membrane deterioration (31). This kind

of cell death is the most frequent associated mechanism of cell death in

PDT, and the PSs typically localize in cellular mitochondria when it

happens (32). Certain signals cause target cells to undergo apoptosis,

which sets off several suicide pathways in response to the signals (33).

Protein caspases are triggered to break down cellular components,

including nucleic and polypeptide material, when the pathways break

down (34). As a result, apoptosis is an initiated, controlled process (35).

When an external stimulus, such as an infection or trauma, triggers an

inflammatory response, necrosis is an unprogramed form of cell death

(36). The PS that causes necrosis often localizes inside the target cell’s

plasma membrane (37). Membrane permeability and calcium ion

transport across the endoplasmic reticulum are components of

necrotic cell death pathways (38). Recent research by Dewaele and

colleagues (37) has shown that another method of cell death called

autophagy may be produced after PDT irradiation of certain PSs.

When a cell attempts self-healing to recover from photodamage, it is

signaled for programed apoptosis; if this response is unsuccessful, the

cell undergoes photodynamic therapy-induced autophagy (39).

According to research by Valli and associates, photoactivated zinc

phthalocyanine (ZnPcS) showed a higher degree of ROS production,

which caused MM cells to undergo necrosis and apoptosis (40). The

phototoxicity of Chlorin e6 (Ce6) conjugated to PAMAM dendrimer

(generation 7.0) functionalized with RGD peptide was examined in

A375 tumor spheroids by Yuan et al. Twelve hours after irradiation,

RGD-P-Ce6 produced a noteworthy 25.7% of early apoptotic cells and

25.2% of dead cells (41). A mesoporous nanocarrier containing

dabrafenib, phthalocyanine (Pc), was created by Tham et al. In

spheroids with 8% cell viability, the nanocomposite demonstrated a

much higher cell-killing effectiveness, according to the research (42).

Furthermore, PcNP-dug effectively targeted BRAF-positive cancer cells

in vivo while preserving normal cells that did not express BRAF,

achieving 76% tumor shrinkage (42). Some clinical results have been

reported, despite ongoing controversy about the therapeutic use of

PDT in the treatment of MM. Barbazetto et al. examined four

individuals with choroidal melanoma to determine the phototoxicity

of verteporfin. According to the findings, melanomas remained

resistant and required surgical removal in the remaining instances;

however, PDT caused tumor regression in two of them (43). In a

similar vein, research conducted by Donaldson et al. examined the

effects of verteporfin and laser irradiation in a patient with choroidal

amelanotic melanoma and observed a full tumor suppression (44).
2.1 Photosensitizers in the treatment of
metastatic melanoma

Many PS classes have been studied for PDT therapy of

metastatic melanomas Table 1 (60). There are many things to
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consider when deciding the kind of PS to use with a certain

PDT intervention, including its properties, method of

action, localization, and kind of cellular demise it causes. PDT-

utilized PSs are divided into three generations according to their

photochemical and photophysical characteristics in relation to their

cellular mode of action (61). First-generation PSs have significant

side effects and often cause vascular tissue damage as their

localization, suggesting that their exact location inside the

intended cells is constrained (62). Second-generation PS often

only has cytotoxic effects on tumor cells (63). To enhance the

specific cellular drug absorption and uptake of photosynthetic

medicines, third-generation PSs have been supplemented with

additional targeted biomolecules (64).
3 Transdermal drug delivery system

A collection of physical-chemical innovations that have the

potential to control how pharmacologically active substances are

released and transported into tissues, cells, and organs such that

these active substances can have the greatest possible effects are

collectively referred to as drug delivery systems (DDS) (65, 66).

Stated differently, DDS include drug delivery methods and

formulations that effectively distribute the medicine to enhance

therapeutic effectiveness while reducing adverse effects (11).

One of the most researched non-invasive cutaneous drug delivery

methods is TDDS. The delivery of many medications has been

significantly impacted by TDDS, particularly in the areas of

hormone therapy, pain management, and the treatment of

conditions affecting the cardiovascular and central nervous systems
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(67–69). Since TDDS eliminates the need for gastrointestinal tract

passage, medications may be administered without pH, enzymes, or

intestinal flora interference. It also eliminates loss from first-pass

metabolism. Furthermore, TDDS may regulate medication release by

consumption limitations, which adds to the method’s high

persistence. Most significantly, medications may be safely and

conveniently administered to children or the elderly using TDDS, a

non-invasive method of delivery that typically causes minimal

discomfort to the individual (70, 71).
3.1 Patches

When the scopolamine patch was introduced in the 1970s,

marking the switch from patchless systems to the TDD patch to

achieve a more continuous, regulated, and safe form of drug

administration, transdermal drug treatment garnered international

interest. The multi-layered drug-storing patch creates a constant

medication flow to the skin, enabling continuous administration

over an extended length of time. Two different approaches are used

to develop patches: the first, known as the “reservoir patch,” has a

section where the medication is kept in the proper formulation, and a

membrane controls how much is delivered to the skin’s surface.

Although Shaw and Theeuwes (1985) found that this design produces

release rates that are typically steady, overdose events have been

documented because of malfunctioning membranes (72). However,

the “matrix patch,” which incorporates the medication evenly into a

matrix from which it is delivered to the skin, was created to

circumvent the shortcomings of the reservoir-type patch (73). This

design may be divided into two primary subcategories: the first uses a
FIGURE 1

Several types of cell death, including necrosis, autophagy, and apoptosis, may be triggered during photodynamic therapy (PDT) cancer therapies –
Created in BioRender. Dhilip kumar, S. (2025) https://BioRender.com/yrtk89u.
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polymer that contains a medication, and the second adds an adhesive

material to provide a secure fit against the skin. As an alternative, the

adhesive—where the medication is contained—is the sole part of the

design. At first, TDD patches were quite popular, and many systems

based on them were even sold commercially. Commercial patches are

available today for a variety of drug administration purposes,

including antidepressants, contraceptives, and Alzheimer’s disease

treatment (74). However, various impediments prevented the

transdermal patch from being widely adopted. According to

Hadgraft and Lane (2016), there might be problems with efficacy if

a medication crystallizes on the skin before diffusing or if the

composition becomes unstable when stored (75).
Frontiers in Oncology 05
Consequently, the two patch designs that maximize the

percentage of deliveries that can be achieved are the same as the

maximum rate that the stratum corneum’s physiology naturally

permits. The drawbacks highlight how inappropriate such

technologies are for quick, bolus-style medication delivery.

Another significant drawback is that these systems depend on the

kind of medicine. This restriction has significantly limited the drug

palette in the past. It presents substantial obstacles to the

transdermal distribution of various medications, including

peptides and macromolecules, with greater molecular weights or

hydrophilic characteristics (76). Several permeability-enhancing

techniques have been developed to overcome these restrictions
TABLE 1 Investigations of PSs used in cancer PDT.

Photosensitizers Parameters Cell model Outcomes

Phthalocyanine
Wavelength: 630–780
nm; Fluency: 10 J/
cm2;

Achromic
melanoma cells

Notable photo-killing that was linked to lipid peroxidation was observed in cultured cells
(45).

Verteporfin
Wavelength: 480
Fluency 0.05–0.18

S91/13 4 Considerable cytotoxicity at a low dosage (46).

Chlorin e6
Wavelength 650 nm
Fluency: 10 J/cm2

Murine melanoma
cell line (B16 cells)

The cell viability with Ce6 and PDT was 22.5% (47).

m-THPC 5
Wavelength 514 nm
Fluency: 10–25 J/cm2 B16 cells

Overcoming apoptotic inhibitors, PS demonstrated an inhibitory impact in a dose-and
energy-intensity-dependent manner (45).

Hypericin
Wavelength 680
Fluency: 1

A375, Mel-1–12
and 501 Mel 13

Necroptosis was caused by severe photodamage to the cell membrane, mitochondria, and
endoplasmic reticulum (48).

5-aminolevulinic acid (5-
ALA)

Wavelength 628 nm
Fluency 20, 40, 60
and 80 J/cm2

Mel-Rm
There was a discernible difference between the control group and the groups that received 20,
40, 60, and 80 J/cm2 of optical radiation in the presence of 5-ALA (49).

Protoporphyrin IX
(PpIX)

Wavelength 630 nm,
Murine melanoma
(B16-F10

The findings demonstrate that the energy dosage used directly affects the harmful impact
caused by the photoactivation of free PpIX (50).

Protoporphyrin IX
(PpIX)

Wavelength 630 nm, A375 cells
The findings demonstrate that PpIX causes cell death in A375 cells when exposed to light,
which is connected to ferroptosis and apoptosis (51).

Verteporfin Wavelength 650 nm SK-MEL-28
Verteporfin profoundly alters the behavior of the highly invasive SK-MEL-28, as shown by
the marked decline in cell proliferation and the striking alteration in cellular shape (52).

Tetra-4-sulfonatophenyl)
porphyrin
tetraammonium (TPPS)

Wavelength 405 nm Mel-Juso
The results of biological experiments indicated that TPPS complexes had a strong anticancer
impact, as shown by the decrease of cell adhesion, and suppression of tumor cell growth
produced by TPPS when exposed to light (53).

Photoprotoporphyrin IX
dimethyl ester (PppIX-
DME)

Wavelength 600 nm B16BL6
When PN-Por was injected into C26 tumor-bearing mice, local light irradiation into the
tumor tissues demonstrated a considerable and extremely efficient anti-tumor impact (54).

Porphyrin-zinc(II)
triiodide (Zn-EpPor)

Wavelength 430 nm B16F10 Melanoma The MTT experiments demonstrated 100% cell death (55).

Y8 Wavelength 808 nm
Human head and
neck squamous cell
carcinoma

According to the research, the therapy may get rid of primary tumors and strengthen the
immune system to fend against metastases (56).

zinc phthalocyanine
(ZnPc)

Wavelength 670 nm,
600 mW, 84 mW
cm−2.

Melanoma cells
(B16-F10)

The cytotoxicity finding shows that after light irradiation, B16-F10 cells were more vulnerable
to photodamage induced by ZnPc (57).

Chlorin e6 Wavelength 660 nm, HSC3 cells
Experiments using PTT, PDT, and TPZ sensitised chemotherapy and radiation showed that
CPTA had a great therapeutic impact (58).

Aluminum-
phthalocyanine

Wavelength 660 m,
25.88 J/cm2)

B16-F10
Reactive oxygen species created by the therapy negate the antioxidant effect of melanin
produced by the cell, leading to related cell damage (59).
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(77). These techniques use both passive and active ways to increase

drug transportation by altering the permeability of the skin. It is

noteworthy, however, that the bulk of these methods has been

linked to exorbitant expenses, skin irritation, or even discomfort

(76, 78). Table 2 shows different studies on topical patch systems

using 3D printing.
3.2 Microneedles

Microneedles (MN) are arrays of tiny needles arranged in a

matrix on its surface. The height of the MNs varies from 25 to 2000
Frontiers in Oncology 06
µm, which guarantees their ability to enter the skin’s network of

capillaries. Their diameter ensures the device stays away from

cutaneous nerve endings and blood arteries. As a result, there is a

decreased chance of tissue injury, painless delivery, and infection

with microorganisms (19, 91). To maintain the honor of the skin

after device removal, the form, size, and material of the MNs must

be carefully chosen. Taller MNs have a higher medication loading

capacity because of their increased volume. However, patients may

experience discomfort from very tall MNs. The ability of the

medication to load an array is enhanced by increasing the

number of needles in it, but this also results in a proportionate

increase in the force needed to insert the MNs. These trade-offs
TABLE 2 Current studies on transdermal or topical patch systems using 3D printing.

Polymer
3D printing
technique

Drug Studies Application

Sodium alginate Syringe Extrusion
Curcumin and
chloramphenicol

Biomedical application

Two distinct approaches for regulating drug delivery over time
were developed due to in vitro drug delivery assays showing
that the release functioned quicker in freeze-dried samples than
in Ca2+ crosslinked/air-dried ones (79).

Alginate Semi-solid Extrusion
Propranolol
Hydrochloride

Personalized floating
formulations

By manufacturing various models, these technologically
advanced formulations demonstrated high printing
reproducibility and similar release behavior; this innovative
process opens the door for their ability to customize medicine
doses (80).

Chitosan/Alginate Freeze deposition Silver Sulfadiazine Wound healing

Vertical diffusion Franz cells were used to conduct in vitro SSD
release studies. As a function of the construct, variations in the
amount and release kinetics of medications were observed,
which was statistically significant (81).

Alginate/Starch PAM
Rhodamine B (model
drug)

Topical applications
The findings indicated that the quantity of starch added to the
solution might affect viscoelastic characteristics (82).

Chitosan methacrylate Extrusion printing
Lidocaine
Hydrochloride and
Levofloxacin

Wound healing
These findings demonstrate how different medications can be
co-loaded at different sites and drug release rates using 3D
Printing (83).

Polyvinyl pyrrolidone
(PVP), polyethylene
oxide (PEO)

Electrohydrodynamic
atomization (EHDA)

Tetracycline
hydrochloride

Personalized drug
delivery and tailored
active release.

Fourier-transform infrared spectroscopy (FTIR) investigations
showed that antibiotics were released from patterned structures
over five hours compared to current polymer-based matrix
systems (84).

Polycaprolactone
(PCL)

Coaxial
electrohydrodynamic
(CEHD)

Tetracycline
hydrochloride (TE-
HCL)

Drug delivery
According to the research, the CEHD direct-printing approach
is a useful on-demand engineering methodology for creating
customized patches (85).

Polycaprolactone
(PCL)

Electrohydrodynamic
Cellulose acetate-
ibuprofen and cellulose
acetate-paracetamol

Drug delivery
Two medications with distinct drug release mechanisms were
discovered to be delivered via the composite membrane (86).

Pectin
Pneumatic
based
extrusion

Chitosan and
cyclodextrin/propolis
extract (CCP)
complexes

Wound dressings
Studies conducted in vitro demonstrated cytocompatibility,
antibacterial activity, and the ability to heal wounds. The
addition of the CCP particles improved them (87).

PCL
Hot melt
extrusion

Antimicrobial metals Wound dressings
Research on metal release showed rapid kinetics (up to 24
hours) and a persistent release (up to 72 hours) (88).

Gelatin Semi-solid extrusion Doxorubicin Medical Applications
Patches made with a 3D bioprinter may be used for surgical
removal areas or to cure cancerous tissues in patients. They are
also beneficial for implantation. (89).

Poly(lactide-co-
glycolide),

Extrusion 5-fluorouracil Drug Delivery

The result shows that the local administration of
chemotherapeutic medicines to treat tumors might be greatly
enhanced by the 3D printing of bioabsorbable implants
carrying anti-cancer medications (90).
frontiersin.org

https://doi.org/10.3389/fonc.2025.1642448
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Obalola et al. 10.3389/fonc.2025.1642448
make designing MNs difficult, especially when creating effective,

high-quality MNs (92). Based on in-plane and out-of-plane

architectures, several varieties of MNs have been created (93).

These systems are very patient-friendly because of features like

painlessness and self-applying (19).

Furthermore, the shape of MNs allows for more efficient

delivery of macromolecules through the skin (94, 95). The lack of

resolution, the expensive cost of manufacturing, and localized

irritation at the point of application have all been noted as

drawbacks of this system despite its popularity as an alternative

to standard hypodermic and subcutaneous injections (10). These

issues can make it challenging to produce effective MNs on a large

scale (93). As previously indicated for patches, changing the mix of

the carriers (polymeric substance and medication) may reduce the

risk of skin irritation and sensitization.
3.2.1 Types of microneedles
Microneedles are categorized based on their structure, material,

and intended use. Each microneedle form has distinct qualities,

benefits, drawbacks, uses, and material types. These are a few typical

varieties of microneedles Figure 2.
3.2.1.1 Solid microneedles

Solid microneedles are mostly used to produce pores on the skin

to treat it. The spitzer tips of the needles puncture the skin when a

drug patch is placed, creating micron-sized channels that enable the

medication to directly penetrate the skin layers and improve

penetration; the medication has a systemic impact after being

absorbed by the capillaries (96), the medication is applied to

epidermal layers via solid microneedles via passive diffusion (97).

Biodegradable polymer solid microneedles may improve

medication absorption and have enough mechanical strength to

penetrate the stratum corneum, according to research on polylactic

acid microneedles by Li et al. (96).

3.2.1.2 Coated microneedles

Microneedles with coatings serve two primary purposes. One

involves piercing the skin, while the other applies the required

medication on the micro needle’s surface. Regrettably, less than 1

milligram is the maximum medication dosage, which explains why

coated microneedle development has been restricted (98). Coated

microneedles come in a variety of forms that are designed to

facilitate drug loading and penetration. Pere et al. created cone

and pyramid MN designs for insulin administration using the 3DP

approach (99).

3.2.1.3 Hollow microneedles

A hollow chamber that may be utilized for injecting or storing

medicine makes up the hollow microneedle (10). Using a non-

pressurized drug reservoir as the basis, A route for drug diffusion

into the dermis is created using hollow microneedles, an active drug

delivery technique. The material composition and manufacturing

characteristics of hollow microneedles may be combined to allow

for adjustable release kinetics. Depending on the purpose of the
Frontiers in Oncology 07
application, pharmaceuticals at higher concentrations may provide

pharmacological profiles with burst release. In contrast,

medications put into a matrix may allow for a medication release

that occurs steadily over many days or weeks (100). The hollow

microneedle has been used effectively for several vaccinations and

vaccines. However, since hollow microneedles are comparatively

weaker than solid microneedles and need special attention

regarding needle design and insertion technique, they have

garnered less attention than solid microneedles. In addition, there

are technical issues with the hollow microneedle, such as leaks and

blockage while injecting (101).

Long, sharp microneedles that could enter blood arteries for

analysis were produced by optimizing the hollow microneedle

production process, as described by Li et al. (102). In addition,

hollow microneedles exhibit excellent control over drug dosage and

release timing despite their challenging manufacturing process that

carries hazards of needle breakage and lumen obstruction (10).

3.2.1.4 Biodegradable microneedles

Soluble/biodegradable microneedles offer high loading

capacities and complete dissolution upon skin insertion. They

also have great biocompatibility. In the first three minutes

after applying soluble microneedles to mouse ears, the length of

the subcutaneous needles rapidly decreased, After that, the

microneedles dissolved steadily but slowly over the next ten

minutes. However, this characteristic implies that patients must

hold off until the skin’s microneedles disintegrate. It can also be

employed for prolonged medication administration (103).

3.2.1.5 Hydrogel microneedles

Hydrogel-based MN drug delivery functions by putting the

needle inside the skin, letting the medicine out, and then throwing

away the needle. Due to their hydrophilous properties, materials

with appropriate swelling characteristics and biocompatibility

should be used for hydrogel-based microneedles (97). Aung and

colleagues examined the swelling of hydrogel-based microneedles.

Even with their little distortion, the microneedles maintained their

mechanical strength (104). Table 3 illustrates current investigations

on 3D-printed transdermal microneedle systems.
3.3 Gel

European Pharmacopoeia defines gels as semisolid preparations

for topical application of liquids gelled using an appropriate gelling

agent. The gel may be categorized according to a wide range of

factors; physical gels, covalently cross-linked gels, and entanglement

network gels are the three primary varieties that may be categorized

according to the method of cross-linking (113).

Physical hydrogels are dosage forms where the gelling agent is

physically cross-linked by hydrogen bonds, electrostatic interaction,

or other mechanisms (84). The medium used in physical hydrogels

can include water alone or in combination with other polar liquids.

These gels are most often characterized by their temperature-

dependent sol-gel transition and reversibility (82). Physical gel
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application may potentially be beneficial for photodynamic

treatment (PDT). Photosensitizers are nontoxic substances that

may be used topically or orally. When exposed to the right

wavelength of light, they can cause visible fluorescence (114).

Porphyrins and 5-aminolevulinic acid (5-ALA), its precursor, are

well-known examples of photodynamic therapy (PDT) medication.

Despite 5-ALA’s tiny size, its hydrophilic nature prevents it from

passing through the stratum corneum. The problem may be

solved chemically by changing it to a methyl or hexyl ester.
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Using penetration enhancers like DMSO as an alternative is a

possibility (115).

Chemically cross-linked gels make up the second category.

Chemical bonds join the cross-linker and the macromolecules in

their structure, and these ties are only broken by heat. Because of the

higher solvent volume and the flexible polymer chain, these gels have a

high elasticity. Three-dimensional swelling networks, covalently cross-

linked hydrogels, are created from hydrophilic polymers with different

functional groups; these groups can absorb and hold on to enormous
FIGURE 2

Different types of microneedles. (a) Solid removable microneedle, (b) Coated microneedle, (c) Dissolving microneedle, (d) Hollow microneedle, and
(e) Hydrogel-forming microneedle. Created in BioRender. Dhilip kumar, S. (2025) https://BioRender.com/dg77ew4.
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TABLE 3 Current investigations on 3D-printed transdermal microneedle systems.

Microneedle Polymer 3D Printing Drug Cell Outcomes

Human keratinocytes
(HaCaT).

Studies on in vitro permeation have shown that HMN seems to be a
workable method for peptide administration (105).

Male Sprague Dawley rats
Rifampicin delivery using the microneedle reservoir system in SD rats
was examined in vivo, and the results showed effective penetration and
appropriate bioavailability (106).

Franz diffusion cells
It was shown that coating morphology, fracturing, and piercing behavior
were all impacted by the MN shape. It has been shown that MN design
affects the way inkjet-coated MNs release insulin to pig skin (91).

FITCDextran
s)

Human skin
Studies on in vitro permeation showed that using solid MNs greatly
improved the transport of dyes with and without high molecular
weight (107).

Franz diffusion cell
Research in vitro and in vivo revealed that the coated MN systems
released insulin quickly (108).

Female BALB/c mice

Studies conducted in vivo on pig skin demonstrated a prompt release of
proteins while maintaining catalytic activity. A prolonged protein skin
retention MN patch for transdermal protein administration was
demonstrated in in vivo experiments using mice (109).

A-431 cell line
Ex vivo tests on pig skin demonstrated quick drug release as the polymer
disintegrated. Mice used in in vivo research demonstrated strong
anticancer efficacy and tumor remission (110).

blue,
A431 cells,

Tests conducted in vitro revealed that both hues dispersed throughout
the skin after MN penetration (111).

-castus Porcine skin
Both plant extracts had comparable antioxidant and anti-inflammatory
qualities in vivo tests using obese guinea pigs, but V. agnus-castus had
the greatest effects in lowering myeloperoxidase levels (112).
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Biocompatible resin
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(LCD) vat polymerization
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Proprietary class-I resin Stereolithography Rifampicin
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Biocompatible Class I
acrylic resin

Laser Stereolithography Insulin
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Calcein and
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Biocompatible Class 1
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volumes of biological fluids and water since they are either grafted or

implanted in their structure. Instead of dissolving in water, they inflate

and stabilize the medium. The structure may be adjusted by adjusting

the hydrogel’s affinity for the aqueous medium and the degree of

chemical cross-linking (113, 116).

Polymeric chains interact topologically in a melt or solution to

generate or produce polymer entanglement network gels. This is

often seen in polymeric gels that comprise one or more higher-

molecular-weight polymers, especially elastomers. At frequencies

higher than the lifespan of the topological entanglements, they

behave like “pseudogels” (117).
3.4 Transdermal spray

TS is a topical liquid preparation used as a solution composed of

a volatile and non-volatile vehicle containing the fully dissolved

medication in solution. Its use allows for better drug penetration

through the skin and reaches a sustained level. The potential

benefits of TS include improved delivery potential without

causing skin irritation due to its nonocclusive nature, increased

acceptability, dose flexibility, and ease of manufacture (118). TS is

made up of a volatile solvent solution that creates a film that dries

quickly when sprayed on the skin (119, 120). The metered dosage

transdermal spray (MDTS) system makes sure that the dose is

delivered in the right amount from its main packing material. The

volatile solvent will deliver the medicine into the top layers of the

skin when it is applied, and then it will evaporate. This process

leaves a lot of the medication in the skin, which functions as a

reservoir to slowly and steadily release the drug into the blood.

Once the volatile solvent evaporates from the SC layers, it leaves

behind axthin, even coating of the medication that has a lot of

thermodynamic activity and quickly gets into the skin (121, 122).
3.5 Iontophoresis

A technique known as iontophoresis uses a small electrical

current to push a charged drug molecule through the skin (123).

The drug molecule’s polarity, valency, mobility, affect iontophoresis

effectiveness. Specifically, in contrast to most other drug delivery

methods, the reliance on current renders medication absorption via

iontophoresis less reliant on biological characteristics (124). This

strategy can also include electronic reminders for patients to change

their prescriptions as required in order to increase patient

compliance (125). Its main advantages are the system’s regulated

medication distribution and the ability to be switched on and off as

needed. Irritation and discomfort are the system’s limitations,

which restrict the drug’s dosage. Now, it is used to provide

lidocaine for local anesthesia quickly (126). It’s important to

remember that a current of 0.5 mA/cm2 or less is safe for the

body and might be used (127). When you apply an iontophoretic

patch, the drug molecule or the current may sometimes be too

strong, which can produce mild to moderate skin redness or
Frontiers in Oncology 10
irritation (128). But if the current density and exposure duration

get up, these little responses might happen more often. There have

been complaints in the past of people getting burns or scars on their

skin from using the iontophoretic sumatriptan patch. The FDA has

looked at these incidents, even if they don’t happen very often. One

technique to deal with this issue is to not put a patch over skin that

is fractured or injured (127).
3.6 Laser radiation

Laser radiation entails exposing the skin to a laser beam to

ablate the stratum corneum without harming the epidermis that is

still in touch with it. This method of removing the stratum cornea is

thought to enhance the administration of lipophilic and hydrophilic

medications (129). According to reports, transdermal therapy with

laser treatment has benefits, including well-controlled tissue

removal, a brief treatment duration, a painless administration

route, and minimal side effects. Thus, Norwood Abbey Ltd. has

created a handheld portable laser device. In a human volunteer trial,

the Norwood Abbey laser device shortened the duration of

lidocaine’s start of action to 3–5 minutes, while the control group

needed 60 minutes to have a comparable effect (130).
3.7 Electroporation

By applying brief, high-voltage electrical pulses to the skin, this

novel technique improves medication dispersion by raising

permeability. The electrical pulses create microscopic holes in the

stratum corneum (SC) used for drug transit. Electrodes placed

closely apart introduce electrical pulses to reserve the electric field

inside the SC for a painless and safe administration (118). Using

hairless mice, it has also been possible to achieve improved

transport of bare DNA to the skin in vivo; compared to

intradermal injection, gene expression was stimulated 100 times

more (131).
3.8 Ultrasound/sonophoresis

Using a gel, cream, or ointment as a coupling agent, the

medicinal component is mixed to transport ultrasonic energy

traveling to the skin from the system. To achieve this, the lipids

in the stratum cornea must be broken down, allowing the drug to

cross the biological barrier (129). Percutaneous absorption is known

to be influenced by ultrasound parameters, the most significant of

which are frequency, treatment duration, intensity, and intensity

(132). In the Katz et al. investigation, dermal anesthesia was

achieved after 5 minutes of ultrasonic therapy for skin treated for

an average of 9 seconds. This was similar to the 60 minutes needed

for skin that had not been treated (133). Smith et al. have also

reported on using additional tiny, light new ultrasonic transducers

to improve insulin skin transfer in vitro (134).
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4 3D printing

3D printing technology originated with building three-

dimensional (3D) structures directly from computer-aided design

(CAD) models, layer by layer (135). The technology of 3D Printing

is very inventive and has become a flexible technological platform.

3D printing technology is being utilized increasingly in the

automotive, aerospace, healthcare, and agricultural sectors to

produce open-source designs and mass customization (136).

Figures 3, 4 show the in vitro and in vivo application of 3D

printing technology.
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4.1 Categories of 3D printing

The ASTM categorized 3D printing methods into seven classes,

Since every technology and machine has a particular set of uses,

there are no arguments about which one is superior. These days, 3D

printing technologies are increasingly used to produce various

goods, not only prototypes (139).

4.1.1 Binder jetting
Powder particles are fused to create a three-dimensional

structure via “binder jetting,” where a liquid bonding agent is
FIGURE 3

In vitro analysis of 3D-printed biopolymer-based microneedle – Adapted from reference (137) under the terms and conditions of the Creative
Commons Attribution (CC BY) license.
FIGURE 4

In vivo analysis of 3D-printed biopolymer-based microneedle. Adapted from the reference (138) under a Creative Commons Attribution 4.0
International License.
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selectively deposited on the powder particles. The binder jetting

technology has many benefits, including huge build volume, fast

print speed, cheap cost, free support, and design flexibility. ExOne

production printers are a few machines that use the BJ method. The

binder jetting method may print on diverse substances, such as

polymers, metal, glass, etc (140). A recent optimization study of

binder-jetting focused on surface finish and dimensional accuracy.

The most significant effects on component shrinkage were caused

by layer thickness and binder saturation (141). Another recent work

examined the mechanical characteristics of 316 SS lattice structures

made by binder jetting and discovered that the elastic modulus was

much lower than that of similar AM techniques (142).

4.1.2 Directed energy deposition
Directed energy deposition (DED), a printing technology that is

becoming more sophisticated, is often used to improve or fix pre-

existing components. High-quality objects may be produced via

directed energy deposition, providing excellent control over grain

structure. Two examples of this technique are laser deposition and

laser-engineered net shaping (LENS) (135). Laser deposition is a

scalable technology that may be used to create or repair objects with

dimensions ranging from millimeters to meters due to its versatility

in a single machine. The oil and gas, aerospace, machining, and

transportation sectors are seeing an increase in the usage of this

technology. LENS uses thermal energy to melt objects during and

after casting (143). Rooyen et al. adopted the DED procedure to fix

the fractures in the stainless steel; they discovered that underwater

pressure crack sealing of 4.5 and 6.0 mm plate thickness could be

effectively fixed with a relatively high power efficiency (144). A

marine diesel crankshaft was repaired by Koehler et al. via the DED

technique. Based on microstructural analysis, they observed

extremely excellent interfacial bonding between the deposited

layer and the base metal (145).

4.1.3 Material extrusion
One additive manufacturing method is material extrusion, in

which continuous pressure forces the material through a nozzle.

When the extruded material exits the nozzle, it will drop onto the

substrate steadily and harden completely. To enable the formation

of a solid portion and its maintenance in that structure throughout

the process, the material also must bond with earlier materials. A

few machines based on the ME method include the Fortus

Production Series (380, 450, and 900 mc) from Stratasys (146).

Periard et al. (7) evaluated many recipes to print sugars via

extrusion and printed cake frostings and processed cheeses using

Fab@homeTM (147). Co-extrusion was used by Vancauwenberghe

et al. (33) to ease worries about the length of time needed for gelling

incubation. They created a printer head with an outside layer of

CaCl2 (a cross-linking solution) and an interior layer of food

stimulant based on pectin. Pectin was gelled using this method

right during the printing process (148).

4.1.4 Material jetting
For three-dimensional materials, material jetting entails moving

the print head and platform in the x, y, and z directions. When the
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content is sent, for it to print correctly, cross-linking is required.

Crosslinking reactions include UV, thermal, ionic, and pH-

dependent effects, much as semisolid extrusion. One of

this technique’s most significant benefits is the ability to

print numerous materials simultaneously, even with distinct

characteristics. Bioprinting and small molecules are two

applications for material jetting. The droplet size affects the

ultimate resolution of material-jet printed prints’ features. Print

feature resolution is also strongly influenced by the fluid’s

rheological characteristics and print speed, which need precise

parameterization. Droplets spread out before they are completely

crosslinked as they land on the print, reducing the inkjet’s

resolution (149). Coppi et al. used thermal ink jetting to embed

human amniotic fluid-derived stem (AFS) cells in an alginate/

collagen scaffold. Before being implanted into immunodeficient

mice, the printed construct was cultured in vitro in an osteogenic

medium (150). Michael et al. developed a completely cellularized

skin replacement using LIFT. After being put into mice, this

construct developed into tissue that resembled basic skin (151).

Demirci and Montesano revealed how to use acoustic droplet

ejection to encapsulate a single or a small number of cells that

were expelled from an open pool. They also demonstrated the

potential of this technique to print cells in a variety of biological

fluids and hydrogels (152).

4.1.5 Powder bed fusion
In this process, an electron or laser beam is utilized to melt or

fuse the material powder. The most common example of this

technique is selective laser sintering (SLS). SLS is a quick, high-

accuracy 3D printing technique with adjustable surface finishes. SLS

uses a powerful laser to sinter powdered polymers to generate a 3D

product (153). Irrinki et al.’s study examined the effects of

processing settings and powder properties on the corrosion

behavior of steel items made using the PBF technology. They

discovered that the PBF process components had a higher density

(154). With the addition of HA, Tan et al. tested several

biocompatible polymers. They proved that such polymers might

be used to create TE scaffolds for tissue regeneration (155). Chua

et al. created scaffolds for craniofacial and joint abnormalities

utilizing SLS and a bio-composite mixture of PVA and HA as

a powder material. PVA was chosen because it has strong

adhesion, can create complicated forms, and has tensile strength

comparable to human articular cartilage. A bioactive substance with

osteoconductivity characteristics is HA. HA has the ability to

increase the creation of collagen and form links to bones that are

as strong as those of a 3- to 6-month-old baby. Examinations

of HA’s bioactivity revealed that it remained bioactive in the

environment and that the laser sintering procedure had no effect.

Therefore, a combination of PVA and HA may create appropriate

scaffolds (156).

4.1.6 Sheet lamination
The two primary types of this method are laminated object

manufacturing (LOM) and ultrasonic additive manufacturing

(UAM), where material sheets are either joined by ultrasound or
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sliced using a laser. Every sheet of material may be seen as one of the

solid object’s cross-sectional layers. The materials used in the SL

process are paper, plastic, and metal sheets (157). Wimpenny et al.

brazed laser-cut steel sheets to create laminated steel tools with

conformal cooling channels (158). In a similar vein, Shuping et al.

used a new LOM process with diffusion welding for the rapid

manufacturing of metal parts (159).

4.1.7 VAT photopolymerization
The main 3D printing process often used is called

photopolymerization, commonly defined as curing photo-reactive

polymers using a laser, light, or ultraviolet (UV). Two instances of

photopolymerization are digital light processing (DLP) and

stereolithography (SLA). Photopolymerization works well for

producing luxury goods with exquisite attributes and a smooth

surface (160). A biocompatible aliphatic for the DLP process was

created by Tzeng et al. After 15 minutes of post-curing, the

produced photopolymer had enhanced mechanical characteristics

and showed no signs of cytotoxicity (161). Schwartz et al. studied

printed polymer constructs resembling anisotropic human hand

and multi-material vat photopolymerization. They employed a stiff

polymer using dual-wavelength photopolymerization. A soft

acrylate network was created by mixing acrylate and epoxy resin

and curing it orthogonally with visible light, whereas cationic

polymerization (UV light) was used to create the rigid epoxy-

acrylate IPN (162).
4.2 Materials used for 3D printing

Materials suitable for 3D Printing can be utilized to create

desired objects by applying 3D printing technology. Like other

production processes, 3D Printing requires improved material

properties that adhere to set requirements to generate reliably

higher-grade products. This section greatly details the many

materials utilized in 3D printing processes (153).

4.2.1 Metals
Due to its strong physical properties, metal may be used in

complex manufacturing processes, including printing human

organs or aeronautical components. Many industries are showing

great interest in metal 3D printing technology because of its

advantages (163). These materials include, among others, Cobalt-

based alloys that are suitable for use in dental applications that are

3D printed because of their elevated levels of elongation, particular

stiffness, resilience, and heat-treated conditions, nickel-base alloys

can be used to create aeronautical components as they can tolerate

high temperatures and have considerable resistance to corrosion

and titanium alloys could also be used by 3D printing technology

due to their low density, excellent corrosion, oxidation resistance,

and ductility (164, 165).

4.2.2 Polymers
This material is a big molecule of structural units that repeat;

natural and manmade polymers fall into this broad category. Due to
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its superior laser melting and binding properties, nylon is one of the

most used and researched polymers. In industry, polymer-based

components are often produced “indirectly” by injection molding

when produced in medium- and large-scale numbers. Rapid

tooling, or AM techniques, may create these molds (166). The

work by Nematollahi et al. investigated how the inclusion of

polypropylene fiber affected the properties of geopolymers created

via 3D printing for use in digital buildings. The researchers’

inclusion of fibers improved pure polypropylene’s ductility,

compressive strength, and shape-holding properties (167).

4.2.3 Ceramics
These materials are arduous, brittle, resistant to heat, and

erosive. By modifying process settings, 3D printing methods may

generate objects with ceramic coatings with no visible holes or

cracks, leading to superior mechanical qualities. Because of their

fluid condition before curing, ceramics may be utilized to create

items with complicated geometry and form; this makes them perfect

for buildings and structures, Aeronautical and dental applications

can benefit from ceramic materials (168).

3D printing methods may be used to process alumina

powder, and this resilient ceramic oxide finds applications in

microelectronics, chemicals, adsorbents, and other high-tech

fields. Solid bulk ceramics with superior bending characteristics

and outstanding compressive strength may be produced via SLCM

(Stereolithographic Ceramic Manufacturing) (169)., Li et al. created

a porous alumina ceramic that demonstrated an extremely strong

flexural elasticity (170). Maurath and Willenbacher showed that a

honeycomb structure with a high specific strength and superior

dimensional stability may be created by optimizing the ink-printing

process (171).

4.2.4 Composites
Composites are materials that comprise many components with

various chemical and physical properties. It provides better

chemical, physical, and mechanical properties, making them more

and more frequent in additive manufacturing due to their

accessibility, improved features, and capacity to customize

products precisely and economically (172). Currently, composites

are used in many Fields, including manufacturing, aerospace,

biomedicine, structural, and automotive (173). A bioinspired

composite has been published by Leon et al. to enhance the

products’ mechanical properties that are 3D printed (174). Digital

projection printing was used by Kim et al. to develop an effective

piezoelectric nanoparticle-polymer composite material that can be

printed into a 3D microstructure (175).

4.2.5 Biomaterials
Biomaterials are the materials most commonly used in the

medical field to provide customized solutions. The present research

indicates that because of developments in the industry, including

enhanced printing accuracy, the ability to print complicated geometry

at an inexpensive cost, and reduced material waste, the use of

biomaterials in 3D Printing is expanding. Advances in 3D printing

technology have enabled noteworthy advancements in health
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technology, such as implant materials, cell printing, and medical

equipment. Tissue engineering, dentistry, and organ model Printing

are only a few medical uses for 3D printing technology (176). An

integrated tissue-organ printer (ITOP) device that can create human-

scale tissue constructions with high mechanical stability in any form

was described by Kang et al. (177). Using multi-material 3D

bioprinting, Lind et al. presented the creation of a novel class of

instrumented cardiac microphysiological devices (178).
4.3 Microneedle and PDT applications in
melanoma

Researchers have been searching for novel treatments to combat

melanoma for years. Chemotherapy, immunotherapy, and surgical

excision are the mainstays of conventional treatment. However, the

traditional methods of administration oral and subcutaneous in these

treatments often lead to low levels of drug accumulation. Additionally,

systemic exposure to anti-melanoma medications often results in

severe side effects that are unpleasant and reduce the effectiveness of

treatment. Regarding the management of melanoma, MN is a very

novel approach that may increase the transdermal permeability of

medications, boost their curative efficacy, and lessen their negative

effects. The utilization of MNs as a novel medication delivery

mechanism to treat malignant melanoma has drawn interest from

several researchers. Melanoma mostly affects the skin. Because the

MNs can immediately permeate the skin’s dermis layer, the medication

has high permeability, which makes local targeted treatment a reality
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(179). Figures 5, 6 show the in vitro and in vivo analysis of the

PDT Microneedle.

Surgical excision is the mainstay of conventional melanoma

therapy; nevertheless, the procedure severely damages the skin.

Patients have a poor prognosis, a high risk of recurrence, and a high

cost (182). As a result, a novel approach to treating melanoma that

is minimally invasive and causes no serious side effects in patients is

desperately needed. To accomplish local targeted treatment, MNs

provide special benefits when used to treat melanoma as compared

to other drug delivery methods.

MNs may directly deliver the medications to the lesion via the

skin’s dermis layer. MNs may treat melanoma with minimally invasive

procedures and do less harm on the skin. MNs are user-friendly, and

their clinical uses will increase patients’ adherence to their prescription

regimens (183). Drugs with larger molecular weights and

hydrophilicity might be delivered by microneedles to the skin or

deeper to the underlying tissues, where they could accumulate locally

and have an impact or be released into the systemic circulation (184).

The microneedle technology is easy to use, minimally invasive, and

economically viable. microneedle arrays are often applied manually or

with electric force using a patch, roller, applicator, or injection device in

the case of the hollow variety. The process of creating pores or holes in

SC either before or in conjunction with applying a medicine to the

skin’s surface is the basis for the solid disposable microneedles’

improved drug delivery mechanism. These pores/holes boost the

drug’s delivery flow and raise SC’s conductivity. Microneedles come

in a variety of shapes and sizes (ranging from 25 to 2000 mm) and are

composed of a wide range of materials, including steel, silicon,
FIGURE 5

In vitro analysis of PDT microneedle – adapted from the reference (180) under a Creative Commons Attribution 4.0 International License.
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ceramics, and biodegradable polymers (185). The approach has a wide

range of applications due to the described diversity of properties and

various drug delivery enhancement processes, which also make

microneedles a research focus in the area of transdermal drug

administration. Additionally, because of their tiny size, microneedles

provide a way to get beyond the SC barrier without hurting or harming

the reticular dermal blood vessels (94, 184). Microneedles (MNs) have

been explored for treating various skin cancers, including squamous

cell carcinoma and basal cell carcinoma (BCC), in addition to

malignant melanoma. For instance, Sabri et al. utilized MNs to

deliver imiquimod for BCC treatment and compared its efficacy with

a commercial topical ointment. Although the MN formulation had

lower drug loading, in vitro studies showed comparable intradermal

penetration to the commercial product (186).

PDT has shown promise for clinical use in melanoma therapy.

It may cause cancer cell necrosis by producing a large quantity of

reactive oxygen species (ROS) via photosensitizers when exposed to

laser light (187). Like chemotherapy medications, photosensitizers

are often administered intravenously, which frequently results in

systemic damage. Accurate drug release, reduced risk of systemic

harm and improved local immune responses are all possible when

MNs and PDT are used together (188).

Microneedle technology provides a unique way to administer

drugs topically. The stratum corneum may be penetrated by means
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of hollow microneedles, drug-coated microneedles, drug-encapsulating

microneedles, or drug administration on skin perforated with

microneedles (189). The application site experiences little discomfort

due to the carefully regulated micron-size range of microneedles,

and the ability to self-administer for some applications may

significantly improve patient compliance (190). Also, to enable

precise delivery, the size and form of the microneedle patch may be

flexibly modified to meet the uneven shapes of superficial skin

melanoma lesions. This is especially important when treating diffuse-

type skin melanoma. The possibility of producing systemic toxicity will

also be decreased concurrently. (ii) By stimulating the production of

proimmune cytokines from epidermal tissues, the MNs may be used as

“mechanical adjuvants” to enhance local immune responses (191, 192).

Previously, themicroneedle-based poke-and-patchmethod was used to

increase dermal penetration of 5-ALA. This method included utilizing

microneedles to pierce the skin surface and produce micro-pores

before applying a drug-containing patch or formulation (193, 194).

A wide range of medications and biomolecules have been delivered to

the skin using coated microneedles in recent years, These include

medications that are insoluble in water, which are delivered via molten

coatings (188, 195).

An oligopeptide hyaluronic acid (oligo-HA) MN patch was

created by Bian et al., supplemented with chlorin e6 (Ce6). The

MN’s adequate mechanical strength to penetrate the skin barrier
FIGURE 6

In vivo analysis of PDT microneedle – adapted from reference (181) under the terms of the Creative Commons Attribution License (CC BY).
frontiersin.org

https://doi.org/10.3389/fonc.2025.1642448
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Obalola et al. 10.3389/fonc.2025.1642448
facilitated the transport of Ce6 into the deep layer of the skin. The

MNmade full use of PDT’s effectiveness in preventing the growth of

primary and metastatic melanoma under 660 nm laser irradiation.

In addition to lowering the expense and danger of systemic

toxicity, our Ce6 MN patch improved anti-melanoma immune

activity without the need for additional chemotherapeutics or

immunological medications, offering a straightforward and useful

approach to clinical change (196).

In order to obtain a high killing efficiency of remaining tumor cells

after surgery and to increase antitumor immunity in order to avoid

tumor recurrence and metastasis, organic PS nanoparticles (N3–4F

NPs) were additionally loaded onto the soluble MNs. In in vivo breast

cancer mice models, it was shown that NPs in the gelatin MNs exhibit

superior photothermal conversion efficiency and increased reactive

oxygen generation capacity, which results in tumor suppression (197).

Li et al. createdMNs loaded with catalase and Cu2+ for improved PDT

of melanoma by concurrently depleting GSH and producing O2.

Fluorescence imaging made it possible to trace the photosensitizers

released by the ZIF, allowing for image-guided repeatable PDT for a

stronger antitumor impact (198). In order to load dihydroartemisinin

(DHA) into the hydrogel network, researchers used acylhydrazone

cross-linking to form a connection between the molecule HA-adipic

dihydrazide (ADH)-protoporphyrin IX (PpIX) and the “iron reservoir”

protocatechualdehyde (PA)-Fe3+ complex in the needle tip. Because of

its increased water solubility, HA-ADH-PpIX keeps PpIX from

aggregating too much, ensuring effective PDT (199). A study from

song et al. showed that both in vitro and in vivo experiments

demonstrate that the CPSA NPs have effective tumor cell toxicity,

cholesterol regulation effect, and immunity system evoking ability,

which brings a new strategy toward immunosuppression from TME,

and paves a new way for adjuvant immunotherapy (200).

For melanoma PDT, ALA-loaded dissolving MNs were also

developed, and they showed a stronger anti-tumor effect than ALA

injection (201). Silicon MNs-mediated administration of 5-

aminolevulinic acid (ALA) was carried out by Donnelly et al.; this

method may effectively conduct PDT of skin tumors. ALA released

from a bioadhesive patch was considerably enhanced by pretreating

the skin with silicon MNs (202). For the photodynamic treatment of

melanoma, Tham et al. created mesoporous nanovehicles co-loaded

with trametinib, dabrafenib, and phthalocyanine. Additionally, they

promoted the transport of nanovehicles into deep tumors for

improved antitumor effects using MN technology (42).
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5 Clinical trial status of microneedle
patches for skin cancer treatments

Microneedle-based patches are rapidly advancing in skin cancer

research, and the current clinical trial landscape is summarized

in Table 4.
6 Challenges associated with 3D
printing

Innovations in 3D Printing provide various advantages throughout

medication development and clinical settings. Although it is a powerful

technology, its application requires significant adjustments to

operations and regulations. Before 3D printing technologies are

widely used in clinical settings, several regulatory constraints must be

fulfilled, primarily regarding product safety and quality (203).

Material science, life sciences, and clinical science are all closely

integrated in the rapidly burgeoning area of 3D printing innovation for

health purposes, which will effectively address the organ transplant

scarcity problem. Even though cells can already be printed directly,

more work must be done before in vitro tissue engineering can be

accomplished (204). Due to its complexity and many constituent parts,

the ECM is challenging to replicate in vitro in terms of structure and

biological function. Current methods cannot address the problems of

oxygen supply and cellular feeding since they mainly stack cell-seeded

hydrogels. There are currently insufficient cells available for bigger

scaffolds. Compared to cells that adhere to scaffold surfaces,

preprophase cells do not get enough nutrition. In other words, the

cells exist in 3D space in disequilibrium (204). For printed scaffolds,

tissues, and organs to go further, additional constraints about the

challenges of cell fusion, differentiation, survival, and development

must be met. Material limitations are another issue.

Furthermore, as there are presently no worldwide guidelines for

the selection of medicinal materials for 3D printing, assessments

based on structure, function, clinical consequences, and other criteria

may only be made artificially rather than utilizing trustworthy

indicators and enough experimental data. Thus, it will take time

and effort to use 3D printing for medical purposes (205, 206).

However, due to 3D Printing, construction automation offers

labor-free building. However, further research is needed to make it
TABLE 4 Clinical trial status of microneedle-based patches for skin cancer.

ClinicalTrials.Gov Identifier Name Application Phase Status

NCT05377905
Microneedle Array Doxorubicin
(MNA-D)

Cutaneous Squamous Cell
Carcinoma

Phase 1and 11 Recruiting

NCT01812837 Microneedle, Aminolevulinic Acid Actinic Keratosis NA Completed

NCT02594644
Microneedle Roller
And Aminolevulinic Acid

Keratosis, Actinic NA Completed

NCT04928222 Doxorubicin-containing MNA Basal Cell Carcinoma Phase 1 and 11 Active, not recruiting

NCT02632110 ALA and Microneedle Actinic Keratosis Phase 11 Completed
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competitive with more antiquated technology in the mass production

of daily items. Studying various preprocessing and postprocessing

techniques has shown how crucial surface quality is for 3D-printed

parts. Thus, achieving a high-quality surface finish for every size of 3D-

printed product is crucial (207).

Adoption in the aviation sector is hampered by factors such as

high prices, few resources, and uneven quality of 3D printed parts.

Compared to conventional techniques, the main disadvantages of

3D printing in the building sector are its high cost and the

possibility of mechanical risk (207).

7 Future perspectives and conclusions

Transdermal microneedles have been gaining popularity for

various biomedical applications, including medication administration,

due to their unique features of little invasion, painlessness, and ease of

usage. More remarkably, recent developments in electronic mechanical

and intellectual engineering and advancements in photopolymerization

have stimulated advances in 3D printing techniques that have made it

possible to manufacture artificial and bio-inspired microneedles and

patches with complex, functional structures accurately.

Furthermore, the idea of using 3D printing techniques to create

microneedles offers exciting possibilities for the administration of

certain drugs. More lately, much work has been done to create

multifunctional microneedles using various 3D printing methods.

The two primary approaches that were the focus of those efforts

were photopolymerization and fused deposition modeling. These

cutting-edge methods enabled many artificial and naturally inspired

printed microneedle designs with ever-more complex structures,

much higher printing resolution, and manufacturing accuracy.

Another advantage among the technological developments in 3D

printing is the growing availability of printing materials and

printable pharmaceutical activities. The advancements guarantee

that 3D printing technology will soon be able to be essential to the

actual manufacture of transdermal microneedles.

Notwithstanding their rapid advancement, the following constraints

have a major role in the continued clinical translation of 3D-printed

microneedles. Producing precise microneedles requires combining

operator experience, material selection, and printing parameter

optimization. Even with the steadily increasing availability of printing

materials over the last ten years, it makes sense that there are still not

enough appropriate formulations, particularly for 3D-printed

microneedles, given their mechanical and biological requirements,

printing requirements, and possible material toxicity. Furthermore,

current technology does not allow for the mass manufacture of 3D-

printed goods, particularly for the small-scale manufacture of

microneedles and patches. While precision manufacturing and fast

prototyping promise to create customizedmedication with tiny dosages,

conventional techniques are still needed for large-scale mass production.
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